Of 88 consecutive patients aged 20 to 77years with severe symptomatic aortic valve disease requiring surgery, .5i patients had angina pectoris; of these 5I, 4I had predominant aortic stenosis and io had severe aortic regurgitation. All patients with angina pectoris underwent coronary angiography; significant coronary arterial disease was encountered in 24 per cent of those with aortic stenosis and 20 per cent of those with aortic regurgitation. By contrast, of 37 patients without angina pectoris I9 underwent coronary arteriography; none showed significant coronary artery disease (P< o.o5).
Among patients with angina pectoris, 17 per cent of those with aortic stenosis experienced prolonged, rest or nocturnal pain, compared to 70 per cent of those with aortic regurgitation (P< o.ooS) . At the time of onset of angina pectoris, there were features of heart failure in 34 per cent of those with aortic stenosis, and in go per cent of those with aortic regurgitation (P< o.oo5). Nitroglycerin promptly relieved angina pectoris in 56 per cent ofpatients with aortic stenosis and in 50 per cent of those with aortic regurgitation (P> o.o5) . Neither the pattern of angina pectoris nor the response to nitroglycerin was dependent upon the coexistence of significant coronary artery disease.
In patients with aortic stenosis, there was no significant difference between those with angina pectoris and those without angina with regard to left ventricular end-diastolic volume, end-diastolic pressure, ejection fraction, peak systolic pressure, wall thickness, cardiac index, or the product of these factors. In patients with aortic regurgitation, cardiac index was significantly lower (P< o.o5), left ventricular end-diastolic volume tended to be larger, and ejectionfraction tended to be lower in patients with angina pectoris as opposed to those without angina pectoris.
Angina pectoris is a common symptom of severe aortic valve disease and is probably caused by a myocardial oxygen demand that exceeds supply. Earlier observers reasoned that angina pectoris should be particularly common in patients with aortic regurgitation because of low arterial diastolic pressure and, presumably, decreased coronary perfusion (Contratto and Levine, I937) . It was realized subsequently that angina pectoris is more commonly seen in aortic stenosis and that it is independent of the coexistence of aortic regurgitation (Contratto and Levine, 1937; Friedberg and Sohval, I939) Recent studies on myocardial energetics have shown that myocardial oxygen consumption per beat is determined primarily by ventricular pressure, intraventricular volume, and myocardial mass, as well as by the contractile state of the heart (Sonnenblick and Skelton, I97I). Generally, the oxygen cost is far greater with 'pressure work' as opposed to 'volume work' (Braunwald, I97I) . Furthermore, it has been shown from animal experiments that volume-induced hypertrophy is accompanied by normal myocardial oxygen consumption per unit muscle mass, whereas pressure-induced hypertrophy is associated with abnormal myocardial energetics (Cooper et al., I973) . Moreover, when hypertrophy is complicated by heart failure, the myocardium utilizes oxygen less efficiently for tension development by comparison with nonfailing myocardium (Gunning and Coleman, I973) . The implications of these and other findings in the genesis of angina pectoris in severe aortic stenosis as opposed to severe aortic incompetence need to be examined. In addition, the contribution of significant coronary atherosclerosis to ischaemic cardiac pain in adults and middle-aged patients with aortic valve disease warrants further study.
We studied our adult patients with severe aortic valve disease requiring surgery with the objectives of, i) definining the incidence of angina pectoris and its clinical pattern in patients with severe aortic regurgitation in comparison to those with predominant aortic stenosis; 2) identifying the frequency of significant coronary disease in patients complaining of ischaemic chest pain and in those who did not have chest pain but underwent coronary arteriography; 3) studying left ventricular haemodynamics, volumes, and wall thickness for possible features that characterize patients with angina pectoris and cast light on the pathogenesis of chest pain in these patients. with severe aortic stenosis. Chest x-ray showed a cardiothoracic ratio of less than 0.5 in 4 patients, 0.5 to 0.55 in 8 patients, 0.55 to o.6 in 9 patients, and more than o.6 in 6 instances. The majority had aortic valve calcification. Severe pulmonary congestion was noted in 3 cases. The electrocardiogram was normal in I patient, showed right bundlebranch block in i, and revealed left ventricular hypertrophy in 24 patients, all but 2 of whom had 'strain' pattern.
Patients and methods
3) Aortic regurgitation with angina pectoris This group included 9 men and i woman, with an age range of 32 to 62 years (mean 47). Angina pectoris was related only to exertion in 3 patients, was exclusively nocturnal and occurred at rest in 2, and recurred at rest, during sleep as well as with exertion, in 5 patients. Shortness of breath was a prominent feature in 9 patients; it was precipitated by moderately severe exercise (class II) in 2, caused pronounced limitation of exercise tolerance (class III) in 6 patients, and i patient was in frank congestive cardiac failure (class IV). Eight patients experienced attacks of paroxysmal nocturnal dyspnoea. Syncope was a prominent feature in 2 cases. Signs of severe aortic regurgitation were obvious in all patients. Chest x-ray showed a cardiothoracic ratio of 0.5-0.55 in 2 patients, 0.55-0.6 in 2 others, and more than o.6 in 6 cases. Severe pulmonary congestion was observed in 4 patients. The electrocardiogram revealed voltage criteria for left ventricular hypertrophy in all patients, and there was ' strain' pattern in 6 of them. 4) Aortic regurgitation without angina pectoris This group included 9 men and i woman with an age range of 20 to 57 years (mean 33). The main presenting symptom was shortness of breath which was precipitated by moderate exertion in 2 (class II) and mild exertion in 8 patients (class III). Six patients complained of paroxysmal nocturnal dyspnoea, and 3 experienced syncope or dizziness.
Physical findings suggested severe aortic regurgitation in each of them. The chest x-ray showed a cardiothoracic ratio of 0.5-0.55 in 4 patients, 0.55-0.6 in 3 patients, and more than o.6 in 3 others. The electrocardiogram was within normal limits in i and showed left ventricular hypertrophy in 9 patients, 7 of whom had 'strain' pattern.
Incidence of significant coronary disease and its relation to angina pectoris (Fig. i ) All 5I patients with angina pectoris underwent coronary angiography. Of 37 patients without angina pectoris, I9 were similarly studied. Those who did not have coronary angiograms were studied before I97I when this investigation became routine, in our laboratory, for all candidates for aortic valve replacement. Significant coronary artery disease was encountered in 24 per cent of those with angina pectoris as opposed to none of those without angina (P < 0.05).
Among patients with aortic stenosis and angina pectoris, there were 3 patients with significant (>75% stenosis) 3-vessel coronary disease, 2 patients with 2-vessel disease, 4 patients with isolated complete right coronary artery occlusion, and i patient with isolated left anterior descending occlusion. Four other patients had either minimal or significant coronary lesions (occlusion of 50% or less).
Among patients with aortic regurgitation and angina pectoris, one had complete occlusion of the circumflex coronary artery, and another showed complete occlusion of the right coronary artery, Among the I9 patients without angina pectoris who underwent coronary arteriography, insignificant coronary disease (less than 50% occlusion) was noted in 4 instances; it was limited to the left anterior descending vessel in 3 patients and was diffuse in I.
Clinical characteristics of angina pectoris and its relation to coronary disease in aortic stenosis versus aortic regurgitation (Fig. 2) Of patients with aortic stenosis and angina, 27 (66%) presented primarily because of chest pain; and 7 of these had significant coronary disease. By contrast, only i patient with aortic regurgitation (io% of those with angina) presented primarily because of the chest pain (P <o0.5); he had complete occlusion of the left circumflex coronary artery. Angina pectoris in conjunction with aortic stenosis was mainly related to exertion, whereas anginal pain occurred almost as frequently at night or while resting as it was related to effort, in patients with severe aortic regurgitation (P <o0.5).
At the time of development of angina pectoris, 34 per cent of patients with aortic stenosis had features of heart failure manifested by paroxysmal nocturnal dyspnoea, very limiting effort dyspnoea (N.Y.H.A. functional class III), or frank congestive heart failure; these features were present in go per cent of patients with aortic regurgitation (P < o.o5).
Nitroglyerin (Fig. 3) was used by 36 patients with aortic stenosis for relief of angina pectoris. Of these, I9 patients experienced prompt relief, while the remaining patients either did not benefit from nitroglycerin or were uncertain about its value, mainly because of the short duration of chest pain. Four patients with angina pectoris and aortic regurgitation reported prompt relief with nitroglycerin, while 4 others experienced no benefit from the drug or were not certain about its value. The beneficial effects of nitroglycerin were not dependent upon the coexistence of coronary artery disease (Fig. 3) .
Haemodynamic findings in relation to angina pectoris (Tables i and 2 ) By comparing patients with symptomatic stenosis without angina pectoris and those with angina pectoris, it was noted that there was no significant difference between the two groups with regard to left ventricular end-diastolic volume, left ventricular end-diastolic pressure, ejection fraction, cardiac index, peak systolic pressure, estimated left ventricular wall thickness or the product of these factors (Table i ). As shown in Table i , there was a wide range in these values among the patients studied.
Among patients with severe aortic regurgitation ( patients in both subgroups exhibited a wide range in these values. However, patients with angina pectoris tended to have a larger left ventricular end-diastolic volume and lower ejection fraction, but the differences were not quite statistically significant. The cardiac index was significantly lower in the angina group (P < 0.05).
Discussion
The present study suggests that the absence of a history of angina pectoris in a patient with severe aortic valve disease virtually excludes significant coronary artery narrowing. This finding is in agreement with that of Bonchek, Anderson, and Rosch (1973) , and, therefore, questions the necessity for Pressures in pascal units (kPa) are given in italics.
routine coronary arteriography in adults and older patients with severe aortic valve disease when a history of chest pain cannot be elicited. By following this simple rule, many patients can be spared unnecessary coronary angiography; a procedure that is attended with a finite mortality and morbidity (Adams, Fraser, and Abrams, 1973) as well as inconvenience. The incidence of significant coronary disease in adults and middle-aged patients with severe aortic valve disease and angina pectoris is probably 20 to 25 per cent. Severe coronary disease was encountered in I2 of 5I such patients in our series and in 5 of 23 similar patients reported by Bonchek et al. (I973). Coronary arteriography is desirable in this group before valve replacement. Severe coronary narrowing may interfere with adequate myocardial perfusion during valve surgery (Flemma et al., I97I) .
Furthermore, the severity of coronary disease correlates with the operative and postoperative mortality, as well as with the possibility of deterioration or lack of improvement after valve replacement (Roberts and Morrow, I967; Linhart and Wheat, I967; Coleman and Soloff, I970) . Aorta-to-coronary saphenous vein bypass is often recommended in conjunction with valve replacement whenever significant coronary artery and valve disease coexist (Flemma et al., I97I) .
Angina pectoris is a common feature of symptomatic aortic stenosis in adults; it has been noted in 40 to 70 per cent in different series (Lewes, I95I; Wood, I958; Baker and Somerville, I959; Bonchek et al., I973; Eddleman et al., I973) , and in 60 per cent in the present study. In the present series, when angina pectoris accompanied aortic stenosis, pain was the chief presenting symptom in two-thirds of the cases, which matches an incidence of 56 per cent in the group reported by Baker and Somerville (1959) . Furthermore, in our patients with aortic stenosis, angina usually conformed to the classical description; it was mainly effort-related, usually lasted less than I5 minutes, was relieved by rest, and often by nitroglycerin. Nocturnal or rest pain was encountered in a minority of cases (I7%). It is notable that in our cases the clinical pattern of angina pectoris was independent of the coexistence of significant coronary artery disease.
We did not encounter a significant difference at rest in haemodynamic variables, left ventricular wall thickness, or volumes in our group with aortic stenosis and angina pectoris, as opposed to the group without angina pectoris. This suggests that ischaemic pain in severe aortic stenosis may be dependent upon factors other than these gross indices of myocardial oxygen consumption. However, we have not obtained sufficient information concerning certain variables, such as the maximum velocity of pressure development at zero after-load (V-max), which are known to influence oxygen consumption substantially (Braunwald, 1971; Sonnenblick and Skelton, I971) . In addition, findings at rest do not necessarily reflect haemodynamic response to exercise in a particular patient. On the other hand, it is conceivable that patients with severe aortic stenosis may be limited by other symptoms such as dizziness, syncope, or shortness of breath, which will not allow them to exercise sufficiently to experience angina pectoris.
Angina pectoris with aortic regurgitation has a different pattern from that with aortic stenosis. It is rarely the main presenting symptom and is preceded in the majority of cases by manifestations of heart failure (70% in the present series). The only patient in our group who presented because of exertional angina pectoris, but did not display features of heart failure, proved to have complete occlusion of the main circumflex branch of the left coronary artery. Episodic chest pain in patients with aortic regurgitation has long been noted to recur at rest, last relatively longer, and to be associated frequently with vasomotor phenomena as well as shortness of breath (Boas, 1922; Schwartz, I927; Boas, I935; Friedberg and Sohval, I939) .
The reported incidence of angina pectoris in aortic regurgitation has varied from 3 per cent (Goldschlager et al., I973) to 50 per cent (Segal, Harvey, and Hufnagel, I956) , depending primarily on the group of patients sudied. The high incidence of rest or nocturnal angina in symptomatic severe aortic regurgitation has been emphasized in the recent reports (Degeorges and Delzant, I966; Hegglin, Scheu, and Rothlin, I968; Rotman et al., I97I; Spagnuolo et al., 197I ). An incidence of 50 per cent of angina in our group reflects the strict criteria that we had adopted for aortic valve replacement; almost all our patients were functional class III or IV, the majority had electrocardiographic evidence of left ventricular hypertrophy and 'strain', and the severity of the disease is further reflected in their haemodynamics and ventricular volumes ( Table 2 ). The higher incidence of angina pectoris in our older patients with severe aortic regurgitation cannot be explained by coexisting coronary artery disease but probably reflects the greater tendency of older patients to have impaired left ventricular performance (Goldschlager et al., 1973) . Studies of the natural history of aortic regurgitation have not emphasized the sequence of heart failure followed by angina pectoris. However, examination of recent data indicates parallel curves for heart failure and angina pectoris, with angina occurring in about half the cases (Spagnuolo et al., I971) .
The increased volume load imposed by aortic regurgitation does not seem to be sufficient to cause angina pectoris in the absence of heart failure or significant coronary artery disease. This is probably because of the low 'oxygen cost' of volume load (Braunwald, I97I) . With left ventricul'r failure, myocardial oxygen consumption increases because of increased wall-tension (Sonnenblick and Skelton, 197I) , and impaired myocardial energetics (Gunning and Coleman, I973) , while coronary flow probably decreases because of the decrease in cardiac output and in effective coronary perfusion pressure.
Angina pectoris in aortic regurgitation occurs at rest, improves with mild exercise, and recurs with more vigorous exercise. This interesting clinical observation can be explained by the findings of Levinson, Frank, and Schwartz (1970) that patients with severe aortic regurgitation have a more effective stroke volume and significantly less regurgitation volume in response to moderate exercise. This should lead to a temporary decrease in left ventricular volume, wall tension, and oxygen consumption. More severe exercise, however, increases myocardial oxygen demands through increase in heart rate, along with effects of sympathetic overactivity and enhanced myocardial contractility. Conversely, angina at rest and nocturnal angina, so commonly seen in our patients with severe aortic regurgitation, may be ascribed to the deleterious effects of bradycardia on left ventricular end-diastolic pressure, end-diastolic circumferential stress, and enddiastolic load (Judge et al., I97I) .
The favourable response of angina pectoris to nitroglycerin in at least 50 per cent of our patients with aortic valve disease was not dependent upon the coexistence of significant coronary artery disease. In aortic stenosis, nitroglycerin in therapeutic doses decreases left ventricular peak systolic pressure, systolic work, and hence myocardial oxygen consumption (Perloff, Ronan, and deLeon, I965) . In aortic regurgitation, decreased peripheral resistance is expected to lead to an increase in effective stroke work and a significant reduction in regurgitation volume, ventricular diastolic volume, wall tension, and, therefore, oxygen consumption. 
